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Abstract
Ammonia solution has received special attention as an effective absorbent in CO2 capture process because of its higher CO2
absorption capacity and lower chemical cost rather than amine solution such as monoethanolamine. In ammonia based CO2
capture process, various ammonium salts/ions would be formed reacting with ammonia and CO2. The ammonium speciation in 
the liquid phase greatly affected the overall process efficiency, the energy requirement of ammonia regeneration or CO2 recovery 
process. In this study, we examined the ammonium speciation in ammonia solution during the CO2 absorption reaction using a 
13C-NMR (nuclear magnetic resonance) spectrometry and identified bicarbonate (HCO3
-), carbonate (CO3
2-) and carbamate 
(NH2COO
-) ions. Moreover VLE (vapor-liquid equilibrium) model which is thermodynamic model in vapor-liquid phase was 
also applied to simulate ammonium speciation. The simulation results for the ammonium speciation were generally well-agreed 
with the experimental results, even though some discrepancies were observed as the absorbed amount of CO2 increased. In 
conclusion, a combined approach utilizing both (13C-NMR analysis and VLE model) can help to understand the reactions 
between ammonia and CO2 and optimize the CO2 capture process using ammonia solution. 
© 2010 Elsevier Ltd. All rights reserved
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1. Introduction
Global warming caused by the emission of green house gases (GHG) into atmosphere is one of the most serious 
environmental problems in this century. GHG includes six gases such as CO2, CH4, N2O, HFCs 
(hydrofluorocarbons), PFCs (perfluorocarbons) and SF6 (sulfur hexafluoride), among them CO2 is to believe most 
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important GHG [1]. Therefore, many researchers focused on the reduction of CO2 emission from various stationary 
sources such as coal -firing power plants and steel making industries.
Several options for the reduction of CO2 emission have been proposed including, fuel alternative (i.e. renewable 
energy), energy conservation and improving energy efficiency. However, these options have many drawbacks to 
apply to field in the short term. Therefore, nowadays many researchers focused on carbon capture and storage (CCS) 
projects and reliable results have been reported [1]. Typically, carbon capture processes includes chemical 
absorption, physical separation/adsorption, membrane separation and biological fixation. Among them, chemical 
absorption especially using amine solution (i.e. monoethanolamine (MEA)) has been extensively studied and 
considered as a reliable and cost -efficient method for CO2 capture [1]. Although from now on, amine solution has 
been widely used for removal of CO2 from natural gas, flue gas from power plant, and various refinery streams, 
many drawbacks were still unsolved as decomposition by oxygen and acid gases, high chemical cost and 
regeneration energy. Therefore, many researchers have focused on the development of efficient alternatives those 
have higher absorptive capacity and lower reaction energy. One of the rising alternatives is ammonia solution which 
provides the advantages of higher CO2 absorption capacity, no absorbent degradation and lower regeneration energy 
requirement [2-8]. Furthermore, CO2 capture process using ammonia solution have been successfully tested and 
operated by Alstom as Chilled ammonia process [8] and RIST (Research Institute of Industrial Science and 
Technology, Republic of  Korea) [6].
The adsorption reaction of CO2 into ammonia solution can be described as the following equations which were 
dissociation of ammonia (Eq. 1), formation of bicarbonate (Eq. 2), carbonate (Eq. 3) and carbamate (Eq. 4), and the 
auto-protolysis of water (Eq. 5).
NH3 + H2O ↔ NH4
+ + OH- (1)
CO2 + H2O ↔ HCO3
- + H+ (2)
HCO3
- ↔ CO3
2- + H+ (3)
NH3 + HCO3
- ↔ NH2COO
- + H2O (4)
H2O ↔ H
+ + OH- (5)
During these reactions, three kinds of ammonium salt/ion (ammonium bicarbonate (NH4HCO3) (Eq. 6), 
ammonium carbonate ((NH4)2CO3) (Eq. 7), and ammonium carbamate (NH2COONH4) (Eq. 8)) may form depending 
on operation conditions [5, 9, 10]. 
NH4
+ + HCO3
- ↔ NH4HCO3 (6)
2NH4
+ + CO3
2- ↔ (NH4)2CO3 (7)
NH4
+ + NH2COO
- ↔ NH2COONH4  (8)
For regeneration reaction,  formed ammonium salts/ions during absorption reaction were thermally decomposed 
into CO2 and ammonia as following equations (Eqs. 9-12) [5,7];
2NH4HCO3 ↔ (NH4)2CO3 + CO2 + H2O  ΔH=6.4 kcal/mol (9)
NH4HCO3 ↔ NH3 + CO2 + H2O  ΔH=15.3 kcal/mol (10)
(NH4)2CO3 ↔ 2NH3 + CO2 + H2O  ΔH=24.1 kcal/mol (11)
NH4COONH2 ↔ NH2COOH + NH3 ↔ 2NH3 + CO2  ΔH=38.2 kcal/mol (12)
According to the regeneration reaction, the requirement of regeneration energy is greatly dependent on the 
ammonium salt/ion speciation. Therefore in order to understand the CO2 capture process using ammonia solution, it 
is necessary to analyze and predict the ammonium speciation distribution during the CO2 absorption reaction. 
In this study, we determined the speciation changes of ammonium salts/ions in the CO2 capture process as a 
function of absorbed amount of CO2 using a 
13C-NMR (13Carbon nuclear magnetic resonance) analytical method 
and thermodynamic model with lately reported interaction and equilibrium constants for each reaction [11]. 
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2. Materials and Methods
2.1. Materials
Ammonia solution was supplied from Samchun (Republic of Korea) as 28~30 wt% concentration. Ammonium 
bicarbonate (NH4HCO3), ammonium carbonate ((NH4)2CO3), ammonium carbamate (NH2COONH4) and 
acetonitrile-d3 (CD3CN; 99.96 atom % D) were purchased from Aldrich and used without further purification. 
Deuterium oxide (D2O) (99.9%) was supplied from Cambridge chemicals.
2.2. Analytical methods
Carbon dioxide absorption experiments were conducted in batch reactor (Figure 1) with 7 wt% ammonia solution. 
The simulated gas mixture (20 vol% CO2/N2 balance) was supplied into ammonia solution and taken 5 mL of 
ammonia solution intermittently for speciation analysis. 
Figure 1. Schematic diagrams of CO2 absorption reactor.
To analyze the absorbed amount of CO2 in the ammonia solution, TOC (total organic carbon) analyzer (TOC 
VCSH, Shimazdu, Japan) was used. Ammonia is sole source of alkalinity in the model solution and the alkalinity 
might be consumed in the absorption reaction with CO2. Moreover the alkalinity in the CO2 absorbed ammonia 
solution would be preserved as carbonate and bicarbonate forms thus the total ammonia/ammonium concentration 
could be determined by alkalinity titration method [7]. In this study, the concentration of ammonia solution was 
determined using an auto-titrator (T50 with Rondolino, Mettler Toledo).
The 13C-NMR spectra were obtained using a 500 MHz NMR spectrometer (DPX500, Bruker). The chemical 
shift was compensated using a CD3CN as an internal standard as 1.28 ppm. For analysis 0.5 mL of CO2 loaded 
ammonia solution was put into 300 mm NMR tube with capillary insert tube which contained 200 uL D2O for ‘lock’ 
of NMR signal with 10 uL CD3CN. The use of capillary insert tube would prevent the changes of solution chemistry 
by adding of D2O and CD3CN thus the ion concentrations and distributions would not be changed. The NMR 
spectra were obtained using an inverse gated decoupling method for preventing nuclear overhauser effects (NOE) 
with 30 seconds for d1 time with 30
o pulse. The ratio of the amount of carbamate to the amount of bicarbonate plus 
carbonate is equal to the ratio of the areas for the each peak. For the calibrating of the peak shift, the 13C-NMR 
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spectra were prepared by dissolving in DIW pure sodium carbonate (Na2CO3) and sodium bicarbonate (NaHCO3) 
because ammonium salts could be changed to other ammonium species [9]. The 13C-NMR spectra were analyzed 
using Spin Works program (v3.0). 
2.3. Thermodynamic model
In this study, we used a thermodynamical VLE (vapor-liquid equilibrium) model for predicting the ammonium 
speciation that suggested by Krop [12], and the simulated results for VLE model were verified using the 
experimental data obtained from 13C-NMR spectroscopy. A VLE model for multi -components system composed of 
water (as a solvent) and dissolved electrolytes (ammonia and carbon dioxide) should consider at least following 
equations; 1) equilibriums of chemical reactions occurring in the solution (i.e. dissociation of water and electrolytes 
and reactions between electrolytes and/or products of their dissociation); 2) phase equilibria of the each component; 
3) mass balance of electrolytes; and 4) electro-neutrality of the solution. In the present model considering NH3-CO2-
H2O vapor-liquid equilibria, five chemical reactions were assumed to be occurred: dissociations of ammonia (Eq. 1), 
formation of bicarbonate (Eq. 2), carbonate (Eq. 3) and carbamate (Eq. 4), and the auto-protolysis of water (Eq. 5). 
In estimating the concentration of each species, semi-empirical Pitzer’s equation and Debye-Hünkel equation were 
used for the calculations of Gibbs free energy and activity coefficient, respectively. 
3. Results and Discussions
3.1. Ammonium speciation in ammonia solution
During the CO2 absorption in ammonia solution, carbamate, bicarbonate and carbonate ions would be formed [5, 
9, 10]. In order to determine the ammonium speciation 13C-NMR analysis were used. The NMR peak around 166.4 
ppm is attributed to the carbamate ion, while another peak, slightly shifted to lower or upper frequencies, in the 
range 161.2~167.6 ppm, is represented to the carbon atoms in the carbonate and bicarbonate ions because the 
equilibration between carbonate and bicarbonate is very fast [13]. 
The results from VLE model and 13C-NMR analysis were represented in Figure 2, simultaneously. The simulated 
results for the ammonium speciation were generally well -agreed with the experimental results, even though some 
discrepancies were observed as the absorbed amount of CO2 increased.
Carbamate was the main species in the early stage because of the presence of excess ammonia. In contrast, 
bicarbonate prevailed at the final stage when most of ammonia reacted with CO2. Carbamate concentration 
increased along with the proceeding of CO2 absorption but began to decline significantly after a certain time. In the 
meanwhile, bicarbonate concentration also started to dramatically increase from that time, which means that 
carbamate was eventually converted into bicarbonate reacting with CO2 under the absence of free ammonia (Eq. 13).  
For carbonate, the concentration was lower than that of carbamate during the whole time course.
NH2COO
- + CO2 + 2H2O ↔ 2HCO3
- + NH4
+ (13)
According to NMR analysis, the bicarbonate/carbonate peak was steadily moved right sides (i.e. lower ppm 
region) as increasing absorbed amount of CO2 in ammonia solution. This indicated that the carbonate ions would be 
gradually converted to bicarbonate ions by pH drop or reacting with CO2 as following equations (Eqs. 14 and 15) [9] 
as increase of absorbed amount of CO2. These reactions (Eqs. 13-15) were supported that the increment of 
bicarbonate species as absorbed amount of CO2 increased in CO2 absorption reaction. 
CO3
2- + H+ ↔ HCO3
- (14)
CO3
2- + CO2 + H2O ↔ 2HCO3
- (15)
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Figure 2. Ammonium speciation according to the absorbed amount of CO2.
3.2. Ammonium speciation for RIST CO2 capture process
Since 2009, CO2 capture process using ammonia solution (aqueous ammonia process) has been operated by RIST 
for Blast Furnace Gas in iron making industry (POSCO, Pohang Works). The flue gas was composed in 20~23% 
CO2, 25% CO and minor impurities such as SOx and H2S as sub-hundreds ppm level and N2 balance. The schematic 
diagrams for RIST CO2 capture process were represented in Figure 3. In this study, we also determined ammonium 
speciation using 13C-NMR analysis and VLE model for aqueous ammonia process operated by RIST [14]. 
Figure 3. Process Diagram of CO2 capture using aqueous ammonia solution from BFG
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The samples in pilot plant were taken and analyzed during operating of CO2 absorption process in absorption 
column. Figure 4 shows the NMR analysis and VLE simulation results for pilot plant samples. In all speciation, the 
VLE model could well predict the speciation changes in filed samples. Therefore VLE model and NMR analysis 
could be reasonable approaches for measurement of ammonium speciations for model system and pilot plant in both. 
Table 4. The major ion speciations in the RIST CO2 capture process with initial ammonia and CO2 concentration.
4. Conclusion
Ammonium speciations in an ammonia solution were determined using a 13C-NMR and VLE thermo-dynamic 
model. This provides an efficient, reliable and straightforward method to evaluate the amount of carbamate, 
bicarbonate and carbonate which would be formed in ammonia solution from the reaction between ammonia and 
CO2. The simulated results of VLE model were well agreement with 
13C-NMR analysis results. While carbamate 
and carbonate has a peak at a certain CO2 loaded, bicarbonate is significantly increased as increasing of adsorbed 
CO2. These results mean that used thermodynamic model equations in this study were well described this system. 
Therefore the VLE model is applicable for the prediction of the ammonium speciation in CO2 absorption process 
using an ammonia solution. In conclusion, the 13C-NMR analysis and VLE model can provide reliable results for 
ammonium speciation distributions and these would also be very helpful to understand the operating status and 
optimization of the CO2 absorption process.
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